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INTRODUCTION 50
Bacterial toxin-antitoxin gene pairs were originally discovered on plasmids, where they function to promote plasmid 51 persistence by killing any daughter cells that have not inherited the plasmid. Typically, one gene of the pair encodes a 52 relatively stable toxic protein that blocks cell growth, and the other encodes a labile antitoxin (RNA or protein) that 53 blocks the toxin's activity and limits its expression [1, 2] . Toxin-antitoxin gene pairs have also been discovered on 54 many bacterial chromosomes, where they are thought to be relatively recent introductions that in some cases have 55 been co-opted to regulate cellular functions or provide other benefits [3] . Here we describe one such system, which 56 is induced in naturally competent cells and whose unopposed toxin completely prevents DNA uptake and 57 transformation.
58
Many bacteria are naturally competent, able to take up DNA from their surroundings and-when sequence similarity 59 allows-recombine it into their genomes [4, 5, 6] . In most species, DNA uptake is tightly controlled, with protein 60 machinery specified by a set of co-regulated chromosomal genes induced in response to diverse cellular signals.
61
Genes in the competence regulon encode not only components of the DNA uptake machinery that moves DNA across 62 the outer membrane of the cell, but proteins that translocate DNA across the inner membrane, proteins that 63 facilitate recombination, and proteins of unknown function. Haemophilus influenzae has an unusually small and well-64 defined competence regulon (26 genes in 13 operons) induced by signals of energy and nucleotide scarcity [7, 8] .
65
Induction of these genes begins in response to depletion of phosphotransferase sugars. The resulting rise in cyclic 66 AMP (cAMP) activates the transcription factor CRP, and the CRP/cAMP complex then stimulates transcription of 67 genes with canonical CRP-promoter elements (CRP-N genes). Most of these genes help the cell to use alternative 68 carbon sources, but one encodes the competence-specific transcriptional activator Sxy. However, efficient 69 translation of sxy mRNA occurs only when purine pools are also depleted [9, 10] . If both signals are active, Sxy then 70 acts with CRP at the promoters of competence genes, stimulating their expression and leading to DNA uptake and 71 natural transformation. These competence promoters are distinguished by the presence of 'CRP-S' sites (formerly 72 called CRE sites), variants of standard CRP sites that depend on both CRP and Sxy for activation [11] , but the specific 73 role of Sxy is not yet understood. Development of competence thus requires the CRP/cAMP complex twice, first for 74 sxy transcription (at its CRP-N promoter) and then for transcription of the competence genes (at their CRP-S 75 promoters).
76
All but one of the fifteen Sxy-regulated H. influenzae genes needed for DNA uptake encode typical competence 77 proteins -membrane-associated proteins homologous to known components of the Type IV pilus-based DNA 78 uptake machinery present in nearly all known naturally competent species [5] . The one exception is HI0659, which 79 instead encodes a predicted 98 amino acid cytoplasmic protein with no similarity to known DNA uptake proteins. It 80 shares a competence-inducible CRP-S promoter with an upstream gene encoding another short cytoplasmic protein Findlay-Black et al.
A competence-regulated toxin-antitoxin system 4 81 (HI0660, 119 aa) ( Fig. 1, top) . Although a knockout of HI0659 eliminates detectable DNA uptake and transformation, 82 a knockout of HI0660 has no effect [8] .
83
Here we show that HI0660 and HI0659 comprise a horizontally transferred operon that encodes a toxin-antitoxin 84 pair, and that expression of the toxin in the absence of the antitoxin completely prevents DNA uptake and 85 transformation. Surprisingly, expression of this toxin has only modest effects on induction of competence genes and 86 on cell growth and viability.
87

RESULTS
88
HI0659 and HI0660 act as a toxin-antitoxin system that affects natural competence. toxT and toxA but leaving the flanking genes intact. In place of the missing sequences were 87 bp with no high-142 scoring BLAST alignments in GenBank. The average pairwise distance among the 162 toxA genes is 0.106, slightly
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A competence-regulated toxin-antitoxin system 6 143 higher than the average of all genes with one copy per strain (0.088). The d N /d S ratio of 0.037 is consistent with mild 144 purifying selection on toxA and is higher than that of the average gene (0.243). However, this may underestimate the 145 strength of selection, since most toxAs lack functional toxT, no strains with toxT only were seen, and the operon may 146 not be expressed due to upstream deletions. Both sequence divergence and the high frequency of toxT deletions 147 agree with expectations for a toxin/antitoxin system whose antitoxin protects against a toxin that is at least mildly 148 deleterious. examined this data for correlations with the presence of toxTA in the 19 of these strains with genome assemblies 155 whose toxTA genotypes we were able to determine. All but one of the 19 strains had a complete toxA coding 156 sequence but only five had intact toxTA operons. Of the rest, four had the large deletion that removed both toxTA 157 promoters, nine had the smaller deletion internal to toxT, and one had the 1015 bp complete deletion. There was no 158 obvious correlation between the toxTA genotypes and the DNA uptake or transformation phenotypes, but there was 159 insufficient data for a high-powered analysis using allelic variation.
160
The Actinobacillus pleuropneumoniae toxTA operon does not control growth or competence: The A.
161
pleuropneumoniae toxTA operon was originally reported to have the CRP-S promoter typical of competence operons 162 [16] . Although reexamination of the promoter region failed to identify a high-quality CRP-S site, we constructed toxT, 163 toxA and toxTA knockout mutants to investigate whether a toxA deletion would prevent competence. There were no 164 significant differences between the transformation frequencies of wildtype cells and toxA mutants ( Fig. 2 
170
Growth and competence phenotypes of H. influenzae toxTA mutants: Earlier investigation of DNA uptake and 171 transformation by the H. influenzae toxA knockout strain found that both were below the limit of detection (>100-172 fold reduction and >10 6 -fold reduction respectively) after the standard competence-inducing treatment [8] (see also sxy was followed at 30 and 100 minutes by strong induction of the known competence-regulon genes (higher 223 positions of CRP-S genes; light green dots) ( Fig. 6 B and C) . Consistent with prior studies [7], induction of all these 224 genes was blocked by deletion of the crp gene ( Fig. 6 D-F) , and induction of the competence regulon (CRP-S) genes 225 was blocked by deletion of sxy ( Fig. 6 G-I 
243
The values for the ∆toxT and ∆toxTA samples are underestimates because most of the gene has been deleted in 244 these strains.
245
RNA-seq analysis also showed that the toxTA operon is regulated as a typical type II toxin-antitoxin operon. In such 246 operons, the antitoxin protein usually binds to the toxin protein, which protects cells from the toxin in two ways. repress toxTA only when bound to ToxT. Therefore, we were initially surprised that knocking out toxT or both toxT 257 and toxA did not increase RNA-seq coverage of residual toxT sequences (Fig. 7 , grey and black lines) and that 258 knocking out both genes did not increase coverage of residual toxA (grey line in Supp Fig. H) . These deletion mutants 259 retain all the toxTA upstream sequences and the toxT start codon, and enough sequence of the deleted genes to shows that coverage at position 0 (expression from P CRP-S ) was reduced by all of the toxTA deletions. This was 296 unexpected, and suggests that this promoter may have unusual properties, since coverage of other CRP-S genes was 297 not similarly affected. The toxA deletion caused the predicted increase in coverage at position 100 (Fig. 8C) , but the 298 toxTA deletion unexpectedly reduced rather than increased coverage at this position ~3-fold from the wildtype level, 299 even though this construct retains the first 150 bp of the operon, including P2. This reduction was not accounted for
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A competence-regulated toxin-antitoxin system 11 300 by the reduction in expression from P CRP-S , suggesting that high-level transcription from the toxTA P2 promoter only 301 occurs when ToxT is present and ToxA is absent. This could mean either that ToxT directly binds the P2 promoter to 302 induce transcription, which seems unlikely given its lack of DNA-binding domain, or that the presence of ToxT 303 disrupts binding of a secondary repressor of the operon, such as a noncognate antitoxin [2] . Alternatively, it is 304 possible that that the reduced expression in the ∆toxTA mutant instead reflects reduced transcript stability in this 305 mutant.
306
Unopposed ToxT does not block induction of the competence regulon: Expression of the competence operons that 307 these regulators induce was also normal or near-normal in the ∆toxA mutant at 30 min after transfer to MIV, the 308 time when competence-induced gene expression is normally highest (Fig. 9) . Modest decreases in expression were 309 seen for some operons, but these are not expected to cause the absolute competence defect, for two reasons. First, 310 competence gene expression levels at this time were very similar between the ∆toxA mutant, which cannot take up 311 any DNA or produce any transformants (dark blue bars), and the ∆toxT and ∆toxTA mutants (other blue bars), which 312 have normal competence. Second, an unrelated regulatory defect mutation, a knockout of hfq, causes a more 313 extreme reduction in gene expression at 30 min (brown bars) but this causes a much less extreme competence defect 314 (only 10-20 fold rather than >10 6 -fold; green line in Supp . Fig. B) . Mutation of toxTA genes also did not substantially 315 change expression of the sxy, crp and cya genes encoding the competence regulon regulators Sxy, CRP, and 316 adenylate cyclase (Supp. Fig. J) . At t=100 the ∆toxA mutant showed a stronger reduction in RNA-seq coverage of 317 competence genes (Supp. Fig. K) , however this cannot explain the competence defect and its significance is unclear. 
323
Other ToxT and ToxA effects in competence-induced cells: The severe competence defect of ∆toxA was also not 324 explained by expression changes in other genes. Supp. Table 3 lists, for each timepoint, the genes whose expression 325 in the ∆toxA mutant differed significantly from expression in all three strains with normal competence (wildtype,
326
∆toxT and ∆toxTA). The most consistent effect was overexpression of the HI0655-58 operon immediately 327 downstream from toxTA. Analysis of sequencing coverage in this region showed this to be caused by read-through 328 transcription from both toxTA promoters (CRP-S and P2). The operon includes genes encoding shikimate 329 dehydrogenase, an ABC transporter, and a hypothetical protein with putative topoisomerase I domains. Expression 330 of genes in this operon increased about 1.2-1.5-fold in MIV in wildtype cells and in other mutants with normal 331 competence, so their higher expression in ∆toxA is unlikely to be responsible for this strain's competence defect.
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A competence-regulated toxin-antitoxin system 12 332 Several other genes showed consistent changes relative to most or all competent strains, but these only sometimes 333 reached statistical significance. HI0231 (deaD) encodes a DEADbox helicase involved in ribosome assembly and 334 mRNA decay [24]; its expression in control strains fell rapidly on transfer to MIV, but levels in ∆toxA were about 50% 335 higher at all time points. HI0235 contains an ArfA ribosome-rescue domain [25]; its expression was up 3-5-fold at 336 t=30 and 2-3-fold at t=100 in the ∆toxT and ∆toxTA comparisons, but not in the KW20 comparison. HI0362 encodes a 337 CRP-regulated iron-transport protein that normally increases in MIV but did not increase in toxA deletion mutants.
338
HI0504 (rbsB, a ribose transporter component) is normally induced 20-fold more in MIV than other genes in its 339 operon, but this increase was smaller (only 10-fold) in ∆toxA. Expression of HI0595 (arcC, carbamate kinase) 340 normally falls 2-3-fold immediately after transfer to MIV, but the fall was greater in ∆toxA. 28 other genes were 341 significantly changed only at t=100, but their expression patterns and predicted functions were diverse and did not 342 suggest an explanation for ∆toxA's lack of competence.
343
Related toxins may suggest mechanism of action for ToxT: were limited to samples prepared at the same time. Fig. 10 shows that the ∆toxA samples from library batch 1 had 369 shorter fragment sizes than the KW20 samples from the same batch, and that the difference increased as the time 370 after competence induction increased. This supports the hypothesis that the extreme lack of competence in ∆toxA 371 cultures is due to non-specific ToxT cleavage of mRNAs. This mechanism is consistent with those of homologous 
396
We do not know how the toxTA operon came to be under CRP-S regulation. The toxTA operon's strong regulatory 397 parallels with the E. coli hicAB system suggest that toxin-antitoxin systems with similar regulation and function have 398 adopted similar roles in separate instances, a phenomenon which is more likely in toxin antitoxin systems as they 399 undergo frequent horizontal transfers and are often under strong selective pressure. The sxy gene and the CRP-S 400 promoters it regulates are not known outside of the Gamma-Proteobacteria sub-clade that contains the 401 Vibrionaceae, Enterobacteraceae, Pasteurellaceae and Orbaceae [11] . Thus, it would be interesting to examine the 402 regulation and function of the toxTA homologs outside the Pasteurellaceae to determine when and where it adopted 403 a regulatory role and the mechanism of the toxic activity. Examining these homologs could give insight into both the 404 mechanism of action of the H. influenzae toxTA system, and its evolutionary history.
405
How does unopposed ToxT prevent DNA uptake and transformation? The transformation defect caused by deletion 406 of the antitoxin gene toxA is very severe, so it was surprising that RNA-seq analysis detected only few and minor 407 changes in expression of competence genes. Instead, the best explanation is that ToxT is an mRNA-cleaving 408 ribonuclease, whose activity causes a general block to translation that prevents functioning of the induced 409 competence genes. The most direct evidence is the decrease in insert size distributions seen in ∆toxA mutants, but 410 this conclusion is also supported by the combination of regulatory similarities between the toxTA and hicAB systems 411 and by sequence similarities between the ToxT protein and HigB ribonuclease toxins.
412
Why then does the ∆toxA mutant not suffer from growth arrest or toxicity? Part of the explanation is that mRNAs 413 encoding functional ToxT are only expressed after cells have been transferred to competence-inducing starvation 414 medium, a condition that severely slows cell growth and division even in wildtype cells. Detecting the predicted 415 competence-specific toxicity is further complicated by the uneven distribution of transformability in competence-416 induced cells. Co-transformation experiments using multiple unlinked markers consistently show that no more than 417 half, and sometimes as little as 10%, of the cells in a MIV-treated culture produce recombinants [6]. We do not know 418 whether only the transforming cells express the competence genes or all cells express them but some fail to correctly 419 assemble the DNA uptake or recombination machinery. If only a modest fraction of the cells in a competent culture 420 are expressing the toxin then any toxic effect on culture growth and survival will be more difficult to detect.
421
Does this operon confer any benefit (or harm) on H. influenzae? Why have a competence-regulating toxin/antitoxin 422 system at all, when it has no detectable effect on competence unless its antitoxin component is defective? Although 423 regulatory parallels with the hicAB system suggest that CRP-S regulation is not incidental, we found no direct 424 evidence of any toxin-dependent alteration to the normal development of competence. Production of Sxy is subject Ehrlich. Sequencing work was performed at the Sequencing and Bioinformatics Consortium at the University of 550 British Columbia.
